Comprehensive analysis of stress-responsive gene families in C 4 model plants, Setaria italica and S. viridis identified SiαCaH1, SiPEPC2, SiPPDK2, SiMDH8 and SiNADP-ME5 as potential candidates for engineering abiotic stress tolerance.
Introduction

26
Photosynthesis converts light energy into chemical energy to fix atmospheric carbon dioxide 27 (CO 2 ) for synthesizing reduced carbon compounds. Three distinct mechanisms of carbon 28 fixation, namely, C 3 , C 4 and crassulacean acid metabolism (CAM) have been reported in 29 terrestrial plants (Furbank and Taylor 1995) . In C 3 photosynthesis, plants assimilate CO 2 30 through the Calvin cycle that occurs inside of the chloroplast in the mesophyll cells (Furbank 31 and Taylor 1995). In C 4 plants, CO 2 is converted into bicarbonate followed by its 32 carboxylation to form a four-carbon compound, oxaloacetate (OAA) in the mesophyll. OAA 33 undergoes several possible modifications and diffuses into bundle sheath, where 34 decarboxylation and refixation of CO 2 by Rubisco in the Calvin cycle takes place (Furbank 35 and Taylor 1995). The mesophyll-located C 4 cycle serves as a biochemical CO 2 pump to 36 elevate the CO 2 levels in the bundle sheath and ensures an uninterrupted supply of CO 2 to 37 Rubisco, thus enhancing the photosynthetic water use efficiency of C 4 plants (Schuler et al. 38 2016) . Also, Nitrogen requirement in the C 4 leaves is lower due to a higher Rubisco catalytic 39 turnover rate, which confers better photosynthetic nitrogen use efficiency in these plants 40 (Schuler et al. 2016 ). C 4 photosynthesis is common among monocots, but not very common 41 among dicots (Furbank and Taylor 1995; Schuler et al. 2016 ). Particularly, the grass family, 42 were identified and characterized. However, no elaborate study on C 4 photosynthetic genes 74 has been performed in any Panicoid species including Setaria to understand the structure, 75 organization, evolution and expression profiles in response to environmental perturbations. 76
77
In the present study, five major classes of enzymes that play pivotal roles in C 4 biochemical 78 carbon-concentrating mechanism were identified in sequenced Poaceae genomes with 79 emphasis on the Setaria. Carbonic anhydrase (CaH) converts CO 2 to bicarbonate (HCO 3¯) 80 which is then pre-assimilated by phosphoenolpyruvate carboxylase (PEPC) to form OAA in 81 the mesophyll (Furbank and Taylor 1995; Schuler et al. 2016 ). The conversion of OAA to 82 malate is catalyzed by malate dehydrogenase (MDH) and following the diffusion of malate 83 through plasmodesmata to the bundle sheath, decarboxylation of malate is catalyzed by 84 one of three different decarboxylating enzymes to form pyruvate and CO 2 (Hatch and Burnell 85 1990) . Finally, PEP is regenerated in the mesophyll by pyruvate orthophosphate dikinase 86 (PPDK) (Aubry et al. 2011 ). Based on the decarboxylating enzymes, three biochemical 87 subtypes of C 4 photosynthesis were defined. These include NADP-dependent malic 88 enzyme (NADP-ME), NAD-dependent ME (NAD-ME) and phosphoenolpyruvate 89 carboxykinase (PEPCK) (Gutierrez et al. 1974 ). The present study involves two subtypes, 90 namely NADP-ME (S. italica, S. viridis, Zea mays and Sorghum bicolor) and NAD-ME 91 (Panicum hallii and P. virgatum). Also, Oryza sativa and Brachypodium distachyon from C 3 92 clade have been included. Since no genome of a PEPCK subtype has been sequenced, it 93 has been excluded from the present study. 94
95
All five gene family members were identified using computational approaches in these eight 96 species. However, importance has been given to analyze the genic, genomic and 97 physicochemical protein properties of these gene family members in S. italica and S. viridis. 98
The different classes of enzymes were further categorized according to their phylogeny, 99 domain architecture, subcellular localization and sequence conservation. Promoter analysis 100 has been performed to identify the cis-regulatory elements present in the upstream regions 101 responsible for the regulation of gene expression at the transcriptional level. The RNA-seq 102 data of different tissues and stress treatment were systematically analyzed to derive the 103 expression profiles of these five gene family members. Based on this, candidate genes 104 were chosen for expression profiling in response to different abiotic stresses (dehydration, 105 salt and heat) and hormone treatments (abscisic acid, jasmonic acid and salicylic acid) in 106 two contrasting S. italica cultivars. Comparative mapping of these five gene families 107 between the sequenced grass genomes and Ks dating of orthologous gene pairs were 108 performed to deduce the evolutionary aspects of these gene families. tolerant; cv. IC-41, susceptible) were allowed to germinate under controlled conditions as 175 described in Singh et al. (2016) . Twenty-one-day-old seedlings were exposed to 250 mM 176 NaCl (salt), 20% PEG 6000 (dehydration), 45C (heat) and 100 μM each of abscisic acid 177 (ABA), methyl jasmonate (MJ) and salicylic acid (SA), and whole seedlings were collected 178 at 0 (control), 6 (early) and 12 (late) hours post-treatment. Total RNA was isolated from 179 each sample using Trizol reagent, and the quality and quantity were ascertained following 180 Table S1 ). Three technical replicates for each biological 184 duplicate was maintained, and the transcript abundance normalized to the internal control 185
Act2 was analyzed using 2 -ΔΔCt method (Kumar et al. 2013 ). The PCR efficiency was 186 calculated as by the default software itself (Applied Biosystems, USA). respectively). The number of NADP-ME proteins was higher in Z. mays (11), followed by S. 201 italica (9), and S. bicolor and S. viridis (8 each). Since, the focus of the present study was to 202 understand the structure, organization, evolution and expression pattern of C 4 203 photosynthetic enzymes in S. italica and S. viridis, the enzymes and their encoding genes 204 were studied elaborately in these two crops. An almost similar number of proteins were 205 identified in both the crops ( Fig. 1 ; Supplementary Table S2 ). The recent divergence of S. 206 italica and S. viridis (5900 -8900 years ago) has resulted in higher collinearity between 207 their genomes (>95 %; Zhang et al. 2012), and therefore, the properties of these gene 208 families were identical ( Supplementary Table S2 ). Also, the physical maps showing the 209 location of all the five gene family members in Setaria genomes were almost similar with 210 minor chromosomal rearrangements (Fig. 2) . 211
212
The carbonic anhydrase family of Setaria 213 214 A total of 14 and 15 CaH proteins were identified in S. italica and S. viridis, respectively. 215
The proteins were smaller in size (~110 -330 amino acids) with a molecular weight range 216 of ~12 -36 kDa. Phylogenetic analysis of SiCaH and SvCaH proteins showed three distinct 217 subclasses, namely, α, β and γ (Fig. 3a) . The α-CaH subclass contained a maximum of 10 218 and 11 proteins in S. italica and S. viridis, respectively; whereas, the β-and γ-CaH 219 subclasses possess 1 and 3 proteins, respectively, in both the crops. The α-and γ-CaH 220 proteins contained the "alpha_CA domain of prokaryotic origin", and in the case of β-CaH, 221 "beta_CA domain" was present. Further, subcellular localization predicted the localization of 222 α-CaH in the extracellular matrix, vacuole and chloroplast, whereas β-CaH proteins were 223 present only in the chloroplast. On the contrary, γ-CaH was mitochondria-localized 224
( Supplementary Table S2 ). The mitochondrial localization of γ-CaH could be attributed to its 225 role in maintaining mitochondrial physiology, including the formation of complex I assembly 226 In terms of gene size and structure, the CaH genes were 0.5 to ~7 kb in length 240
( Supplementary Table S2 ). The shortest genes, SiαCaH13 and SvαCaH14, were intronless, 241
while SiβCaH7 and SiγCaH3 of S. italica and SvαCaH7 and SvγCaH3 of S. viridis had a 242 maximum of seven introns (Supplementary Figure S1 ). Chromosomal localization of CaH 243 genes showed their distribution in all the chromosomes except chromosome 3 and 9 ( Fig.  244 2). Maximum genes were found to be localized on chromosomes 5 and 6 of both the crops 245 and interestingly, chromosome 5 possessed only the genes of βCaH subclass and 246 chromosome 6 contained αCaH subclass. Among these, βCaH subclass members on 247 chromosome 5 were found to be tandemly duplicated, whereas the αCaH subclass 248 members on chromosome 6 were segmentally duplicated (Fig. 2 ). This shows that tandem 249 and segmental duplications have contributed to the evolution of CaH gene family in Setaria. 250
In sorghum, the tandem gene cluster of βCaH subclass was reported on chromosome 3 251 ( Supplementary Table S3 ). Interestingly, this protein was larger (1032 amino acids; 115 266 kDa) and exhibited less sequence identity with PTPCs (<50%). distinct clades in the phylogenetic tree ( Fig. 3c ). In terms of gene length and structure, 298 PPDK1 were ~14 kb in size with 18 introns, and PPDK2 were ~8 kb with 16 (S. italica) and 299 17 (S. viridis) introns ( Supplementary Table S2 ; Supplementary Figure S1 ). Physical map 300 showed the localization of PPDK1 and PPDK2 on chromosomes 3 and 9, respectively ( Fig.  301 2). Though length, molecular weight and domain architecture of these proteins were almost 302 similar, all the PPDKs were predicted to be localized in chloroplast except SiPPDK2 which 303 was cytoplasm-localized ( Supplementary Table S2 ; Supplementary Table S3 ). However, cytoplasmic-MDH (Cy-MDH) and mitochondrial-MDH (MtMDH) (Fig. 3d ). The analysis 319 revealed that predominant proteins of S. italica were chloroplast localized (7) followed by 320 mitochondria (3); however, in S. viridis, an equal number of proteins were found to be 321 localized in both the organelles (5 each). One protein each of S. italica and S. viridis was 322 found to be localized in the cytoplasm. Similar classification based on sequence similarities 323 and sequences conserved for subcellular localization has been reported in G. raimondii, G 324 arboretum and G. hirsutum (Imran et al. 2016) . The sizes of MDH genes ranged from ~1 kb to ~5 kb in both the crops; however, their 334 structure and chromosomal distributions were different, unlike other gene families 335
( Supplementary Table S2 ). In S. viridis, the two genes were uniquely mapped on 336 chromosome 1 beside their localization on chromosomes 2, 3, 5, 6, 7 and 9 in both the 337 crops (Fig. 2) . In S. italica, SiMDH2 (chromosome 2) and SiMDH4 (chromosome 3), and 338
SiMDH5 (chromosome 3) and SiMDH10 (chromosome 9) were segmentally duplicated; 339 whereas only the latter was found in S. viridis. Two genes of S. italica (SiMDH2 and 340 SiMDH4) were intronless, but in case of S. viridis, only SvMDH2 was intronless 341 (Supplementary Figure S1) . The highest number of introns were found to be present in 342
SiMDH1, SiMDH8, SvMDH2 and SvMDH8 genes (13 introns). Similar to MDH genes, the members of NADP-ME gene family were also relatively divergent 364 between S. italica and S. viridis in terms of genomic properties ( Supplementary Table S2 ). 365
The size of NADP-ME genes ranged from ~2 to 8 kb in S. italica and ~1 to 7 kb in S. viridis. 366
The physical map showed their localization on all the chromosomes except 1, 6 and 8 in S. 367 italica (Fig. 2) . In the case of S. viridis, the genes were localized only on chromosomes 2, 3, 368 5 and 9. Segmental duplication of two genes on chromosome 5 in S. italica (SiNADP-ME5 369
and SiNADP-ME6) and S. viridis (SvNADP-ME3 and SvNADP-ME4) was also observed 370 ( Fig. 2) . 371 372
Cis-elements in the promoter regions of C 4 photosynthetic genes 373 374
A total of 250 cis-regulatory elements were present on the 2 kb upstream of the five gene 375 families in both the crops ( Supplementary Table S4 ). Similar to sequence conservation 376 between the genic regions of S. italica and S. viridis, the upstream regions were also found 377 to highly conserved, and therefore, there was no much difference between the elements 378 identified for the same gene in both the crops. In this study, several vital motifs were 379 Wound-responsive element (WRECSAA01) ( Supplementary Table S4 ). The presence of 401 diverse elements at the upstream region of C 4 photosynthetic genes suggests the 402 involvement of these genes in several molecular and physiological functions. However, 403 further experiments are necessary to validate these findings and pinpoint the precise 404 elements that have roles in the trait of interest. 405
406
RNA-Seq derived expression profiles of C 4 photosynthetic genes in tissues and 407
dehydration stress 408
409
The RNA-seq data of four tissues of S. italica namely root, leaf, spica and stem as well as 410 the dehydration library were analyzed to derive the expression values (RPKM) for each 411 gene, and the heatmap was generated (Fig. 4a) . Overall, the heatmap showed a differential 412 expression pattern in all the genes with few distinct expression profiles. The data showed 413 tissue-specific upregulation in few genes, including SiMDH6 (spica and root), SiMDH10 414 (leaf) and SiNADP-ME6 (root). Several genes including SiβCaH5, SiPPDK1, SiMDH8 and 415
SiNADP-ME5 were upregulated in all the tissues except root. Interestingly, SiPPDK2 did not 416
show any expression in all the libraries. SiMDH3 showed higher expression in all the tissues 417 except leaf. Comparing the tissue-specific expression data with stress library highlighted the 418 putative stress-responsive genes (Fig. 4a) . SiγCaH3, SiPEPC1, SiPEPC2 and SiMDH5 419 showed a distinct upregulation during dehydration, whereas SiMDH2 and SiNADP-ME4 420 were downregulated in response to stress treatment. There were few genes which did not 421
show any expression in both the tissues as well as stress sample, and this includes 422
SiαCaH1, SiαCaH14, SiPEPC-b, SiMDH4, SiMDH9, SiNADP-ME3 and SiNADP-ME8. 423
These genes may have a role in growth, development or response to other biotic and 424 abiotic stresses, which has to be studied further. Based on the RNA-Seq derived expression 425 profile, fourteen genes were chosen for analyzing their expression in response to abiotic 426 stresses and hormone treatments in S. italica. 427
428
Expression profiles of C 4 photosynthetic genes in stress and hormone treatments 429 430
The transcript abundance of fourteen candidate C 4 photosynthetic genes was analyzed 431 using qRT-PCR in two contrasting cultivars of S. italica at early and late time-points of 432 stress and hormone treatments (Fig. 4b) . During salinity stress, relatively no difference was 433 observed in the expression profiles of all the genes except the upregulation of SiαCaH1 at 434 the early stage of stress in the tolerant cultivar (IC-4), SiPEPC2 at both the time-points in 435 the tolerant cultivar and SiMDH8 at the early stage of susceptible cultivar (IC-41). In case of 436 heat stress, the genes SiβCaH5 and SiMDH5 showed higher expression at the early stage 437 of stress treatment in the tolerant cultivar, whereas SiPEPC2, SiMDH3, SiMDH8 and 438
SiNADP-ME5 were upregulated at both the timepoints in this cultivar. On the contrary, The genes, SiPPDK2 and SiNADP-ME6 were highly expressed in all the time-points in both 457 the cultivars. Dehydration stress did not significantly alter the transcript level of C 4 458 photosynthetic genes; however, SiPEPC-b showed higher expression in all the time-points 459 in both the cultivars. Upregulation in the expression of SiPEPC1 at the early time-point of 460 stress treatment in the tolerant cultivar was also observed. Also, SiαCaH1, SiMDH3 and 461
SiNADP-ME5 were found to be highly expressed at the early stage of stress treatment in 462 the tolerant cultivar. Only SiγCaH3 showed upregulation in the susceptible cultivar at 12 h 463 post-dehydration stress. 464 465 Similar expression patterns were detected among these genes during hormone treatments 466 where differential expression of several genes suggests their regulation by these hormones 467 in modulating cellular and molecular activities in planta (Fig. 4b ). Among CaH gene family 468 members, SiαCaH1 did not show a notable change in its expression levels during hormone 469 Table S5 ). Among CaH gene family, SiαCaH1 was conserved in all the grass species 494 studied, whereas orthologs of SiαCaH2 and SiαCaH4 were present in all the crops except 495 rice. Comparatively, 9 genes of CaH gene family were orthologous to P. virgatum, followed 496 by S. bicolor and Z. mays (5 each), B. distachyon (4 genes) and O. sativa (2 genes). In 497 case of PEPC gene family, SiPEPC1 to SiPEPC5 were conserved among S. bicolor and Z. 498 mays, whereas only four genes were orthologous to O. sativa, three to P. virgatum and two 499 to B. distachyon. PPDK family members were found to be highly conserved throughout the 500 grass genomes as the orthologs were identified in all the five species studied. Similarly, 501 nine MDH genes showed an orthologous relationship with S. bicolor, eight with P. virgatum 502 and Z. mays, five and six genes with O. sativa and B. distachyon, respectively. Among 503 these, SiMDH1, SiMDH3 and SiMDH9 were conserved among all the five genomes. The 504 members of NADP-ME gene family showed maximum synteny with P. virgatum and Z. 505 mays (6 gene pairs each), followed by S. bicolor and O. sativa (4 gene pairs each), and B. 506 distachyon (3 gene pairs) ( Supplementary Table S5 ). 507
508
To explore the selective constraints on duplication and divergence of C 4 photosynthetic 509 genes, the ratios of non-synonymous (Ka) versus synonymous (Ks) substitution rate 510 (Ka/Ks) for paralogous and orthologous gene-pairs were determined ( Fig. 4d ; 511 Supplementary Table S5 ). In the case of duplicated gene pairs, the average Ks values were 512 0.07 and 0.13 for S. italica and S. viridis, respectively, which indicated that these genes 513 underwent intense purifying selection pressure. Further, the estimation of their time of 514 duplication revealed that the tandem and segmental duplications occurred around 21 and 515 25 million years ago (mya). This is in agreement with the whole genome duplications 516 reported in S. italica and S. viridis predicted using genome sequence data (Zhang et al. 517 2012) . In case of orthologous gene pairs, the average Ks values were 0.06, 0.36, 0.37, 0.65 518 and 0.67 for S. italica -P. virgatum, S. italica -S. bicolor, S. italica -Z. mays, S. italica -O. 519 sativa and S. italica -B. distachyon, respectively (Fig. 4d ). This showed that these species 520 underwent strong purifying selective pressure. Further, the data also showed that S. italica 521 20 -P. virgatum divergence has recently occurred, around 4.5 mya, and this divergence has 522 happened after the whole genome duplication events as suggested by the data of 523 In the present study, a higher number of CaH genes was observed in S. viridis (15), S. 533 italica (14) and P. virgatum (13) and the lowest were in C 3 species including B. distachyon 534
(3) and O. sativa (2) (Fig. 1 ). Among these, C 4 species contained β-CaH subclass that was 535 chloroplast localized. This suggests the involvement of these proteins in the conversion of 536 SiCaH genes in response to stress treatments at early and late time-points of two different 543 cultivars of S. italica showed their differential expression pattern (Fig. 4b ). Significant 544 upregulation of SiαCaH1 was observed in the tolerant cultivar during salt and dehydration 545 stress. Similarly, maize CaH gene, NM_001111889 showed higher expression in salinity-546 induced cDNA subtraction library (Kravchik and Bernstein 2013) . In rice, OsCA1 showed at 547 least two-fold upregulation in response to salt and osmotic stress and overexpressing this 548 gene in Arabidopsis conferred tolerance to salinity stress (Yu et al. 2007 ). Unlike other CaH 549 genes tested, SiβCaH5 showed higher expression during heat stress alone (45C) in the 550 tolerant cultivar, which suggests its putative role in molecular response to high 551 temperatures. However, no report so far indicates the involvement of CaH genes in heat 552 and further experimentations are required to elucidate their precise role in heat stress 553 tolerance. 554
555
The number of PEPC genes were almost the same in all the species except P. virgatum 556 (12) and Z. mays (10). Irrespective of the number, one or two genes were reported to 557 were involved in C 4 photosynthesis. Orthologs of these genes that have demonstrated 563 differential expression in RNA-Seq derived expression data were chosen for qPCR analysis 564 to deduce their transcript abundance during abiotic stresses. The results showed a higher 565 expression pattern of these genes in response to salinity, heat and dehydration stresses 566 specifically in the tolerant cultivar of S. italica (Fig. 4b) . Similar upregulated expression of 567 PEPC genes in response to salinity and/or drought stress has been reported in sorghum 568 ). An increase in PEPC enzyme activity in 570 response to drought stress was observed in three C 4 subtypes namely, Paspalum dilatatum 571 (NADP-ME), Cynodon dactylon (NAD-ME) and Zoysia japonica (PEPCK) suggesting their 572 role in increased CO 2 assimilation during water deficit conditions (Chang et al. 2012) . 573
574
In C 4 photosynthesis, PPDK performs the primary role of PEP and CO 2 regeneration. PPDK 575 gene family is the smallest among the other, with one to two members (Fig. 1) . One of the 576 two genes possesses two functionally independent promoters for generating a larger same has been observed in the present study, which suggests that the dual-promoter 580 system is conserved in C 3 and C 4 species. In RNA-seq derived expression profile, SiPPDK1 581 showed high expression in leaf, stem and spica, as well as control and dehydration stressed 582 samples, whereas SiPPDK2 did not show any difference in its expression in all the libraries 583 ( Fig. 4a) . Similarly, qPCR data indicated that SiPPDK1 did not show any notable difference 584 in its expression during salt and heat stress in both tolerant and susceptible cultivars. 585
However, SiPPDK2 was highly expressed in both the cultivars exposed to heat stress ( plastidic MDH plays two different roles in C 3 and C 4 plants. In C 3 plants, MDH regulates the 597 NADPH/ATP balance (Scheibe 1987) , and in the C 4 system, it catalyzes malate production 598 (Berkemeyer et al. 1998 ). In the present study, expression levels of two plastidic (SiMDH2 599
and SiMDH8) and mitochondrial MDHs (SiMDH3 and SiMDH5) were analyzed in response 600 to abiotic stresses. Interestingly, SiMDH2 did not show a notable difference in its expression 601 during stress as well as hormone treatments, while SiMDH8 showed upregulation only 602 during heat stress in the tolerant cultivar (Fig. 4b ). Expression pattern of mitochondrial 603
MDHs was also similar to plastidic MDHs, suggesting the involvement of these genes in 604 heat stress response. Reports have shown the role of MDHs in improving cold tolerance in 605 transgenic plants, for example, overexpression of apple cytosolic malate dehydrogenase 606 gene in apple and tomato conferred tolerance to cold ). Thus, it is 607 suggested to analyze the transcript abundance of all the SiMDH genes in S. italica exposed 608 to different abiotic stress treatments to identify potential candidates for overexpression 609 studies. 610 611 NAD/P-ME catalyzes the decarboxylation of malate in the C4 cycle. In addition to its role in 612 C 4 photosynthesis, the enzyme is found to be involved in defense responses (Casati et al. 613 1999) , lipid biosynthesis (Eastmond et al. 1997 ) and control of stomatal closure (Laporte et al. 614 2002) . The expression levels of two SiNADP-ME genes were analyzed, which showed that 615 both the genes are suggestively involved in heat stress response. However, SiNADP-ME5 616 also showed a significant upregulation at the early stage of dehydration stress in the 617 tolerant cultivar. Tao et al. (2016) have identified NADP-ME family members in 12 crucifer 618 species and showed that the genes were involved in cold stress response. In rice, four 619 genes were shown to be differentially expressed in response to salt and dehydration 620 stresses (Chi et al. 2004 ). These observations demonstrate that NADP-ME family members 621 could be putative candidates for further functional characterization to elucidate its molecular 622 roles in C 4 photosynthesis as well as stress tolerance. 623 624 Conclusions 625 626
The C 4 photosynthetic pathway has evolved from the C 3 pathway to overcome the limitation 627 of photorespiration by deploying a sophisticated biochemical carbon-concentrating 628 mechanism. Keeping this in view, a comprehensive analysis has been performed to identify 629 and characterize the pathway genes. Five key gene families were analyzed that provided 630 insights into structure, organization, duplication and divergence, and their expression 631 profiles in response to stress and hormone treatments. Differential expression pattern of a 632 gene in contrasting cultivars suggest the presence of distinct regulatory mechanisms in the 633 tolerant cultivar or sequence-level variations between the cultivars that should be studied 634 further to understand the gene functional properties at the species level. The promoter 635 analysis data defined in the present study will assist in executing this analysis. Comparative 636 expression analysis of these genes in response to stresses in C 3 and C 4 crops followed by 637 studying their localization and interaction with other proteins will advance our knowledge on 638 understanding the fundamental difference between two pathways. The comparative maps 639 constructed in the present study will aid the selection of candidate orthologous gene pairs. 640
The genes identified in this study, namely, SiαCaH1, SiβCaH5, SiPEPC2, SiPPDK2, 641
SiMDH8 and SiNADP-ME5 would serve as potential candidates for elucidating their precise 642 roles in C 4 photosynthesis as well as stress tolerance. This report will also serve as a 643 blueprint for future studies on functionally characterizing the C 4 pathway genes in other 644 species to delineate their involvement in physiological as well as molecular processes 645 associated with growth, development and stress response. 
